Indian food and fuel inflation has remained high for several years, and second-round effects on core inflation are estimated to be large. This paper estimates the size of second-round effects using an estimated reduced-form general equilibrium model of the Indian economy, which incorporates pass-through from headline inflation to core inflation. The results indicate that India's inflation is highly inertial and persistent. Due to second-round effects, the gap between headline inflation and core inflation decreases by about three fourths within one year as core inflation catches up with headline inflation. Large second-round effects stem from several factors, such as the high share of food in household expenditure and the role of food inflation in informing inflation expectations and wage setting. Analysis suggests that in order to durably reduce the current high inflation, the monetary policy stance needs to remain tight for a considerable length of time. In addition, progress on structural reforms to raise potential growth is critical to reduce the burden on monetary policy. JEL Classification Numbers: E52, E58, F47, O23
I. INTRODUCTION
Drawing from a wider mandate, monetary policy in India has evolved to have multiple objectives of price stability, financial stability and growth. The Reserve Bank of India's approach recognizes that price and financial stability are important for sustaining high levels of growth which is the ultimate objective of public policy (Mohanty, 2012) . The appropriate monetary policy stance depends on inflation dynamics, the distribution of exogenous shocks affecting the economy, and the monetary transmission mechanism. India as a small economy (compared to the global economy) and an importer of fuel faces internal shocks as well as external shocks from the rest of the world.
Persistent and elevated food inflation has presented challenges for monetary management in India. While it is a widely held view that central banks should only respond to changes in the underlying core inflation and second-round effects on core inflation of commodity price shocks, there is growing evidence that the dynamics of food price inflation can be very different in emerging economies. Therefore, ignoring food inflation in monetary policy action may lead to policy mistakes. As pointed out by D. Subbarao, the then Reserve Bank of India (RBI) Governor, "If food inflation is higher, as is typically the case in many low income countries including India, then we would be underestimating inflationary pressures on a systemic basis. That would mislead policy prescriptions."
The purpose of this paper is to estimate the second-round effects of food price inflation and investigate their importance for monetary policy formulation in India. In order to do that, we first document why second-round effects may have non-trivial consequences for monetary policy formation in emerging market economies. Second, we carry out econometric analysis investigating the importance of such second-round effects in India. Lastly, we develop and estimate a suitable dynamic stochastic general equilibrium model that builds on a stylized gap model (each variable is expressed in terms of its deviation from equilibrium, in other words in "gap" terms) 2 , tailored to India's fundamentals to study various aspects of monetary policy transmission in India.
To address these questions, we estimate a New Keynesian Phillips Curve (NKPC) in a dynamic small open economy model, and analyze the effect of the output gap, lagged inflation, exchange rate and inflation expectation on current inflation. To estimate the second-round effects, we modify the model to capture the pass-through from headline to core inflation. While this model is simple and abstracts from many important features of the economy, such specifications have long been the workhorse of monetary policy analysis at the International Monetary Fund. In addition to effectively capturing the key channels of monetary policy transmission, this framework has the virtues of clarity and tractability.
The paper is organized as follows. In Section II, we examine the inflation dynamics in India and present some empirical facts to further motivate the analysis. In Section III, we develop a small "New Keynesian" macroeconomic model with rational expectations taking into account India specific factors. Section IV briefly describes the data and the estimation methodology before we present the results of the estimation in Section V. Section VI concludes.
II. BACKGROUND

A. THE RECENT INFLATION DYNAMICS IN INDIA: SOME FACTS
High and persistent inflation is a key macroeconomic challenge facing India (see IMF 2014a (see IMF , 2014b . Elevated inflation has also coincided with the growth slowdown, which has distinguished India from other major emerging market economies in the recent years. A number of factors have caused high inflation, including: food inflation feeding quickly into wages and core inflation; entrenched inflation expectations; cost-push shocks from binding sector-specific supply constraints (particularly in agriculture, energy and transportation); passthrough from a weaker rupee; and ongoing energy price increases.
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High food inflation and its prominence in shaping wage setting and inflation expectations formation are key features of Indian inflation (Figure 2 ). The importance of food inflation in shaping inflation dynamics in India is due to the following factors:
the share of food expenditure in total household expenditure is high;
(ii) inflation expectations are anchored by food inflation; (iii) consumer price inflation, in which food has a large weight, directly feeds into wages.
B. WHY MONETARY POLICY SHOULD PAY ATTENTION TO FOOD INFLATION IN INDIA
India is not unique, amongst emerging economies, where food price shocks play a non-trivial role in shaping inflation dynamics. Unlike in advanced economies, food price shocks in emerging market economies are more volatile and persistent, and are propagated strongly into nonfood inflation (Walsh, 2011) . Also, they tend to have stronger and longer-lasting effects on inflation in economies with high food shares in the consumption basket and in economies with less firmly anchored expectations (IMF, 2011a).
Accordingly, excluding commodity-price inflation in economies where food and fuel represent a large share of household expenditure, and where commodity price changes affect core inflation through second-round effects may not be appropriate (Catão and Chang, 2010; Walsh, 2011) . Anand and Prasad (2010) also conclude that in an environment of creditconstrained consumers, which is a common feature of emerging market economies, a narrow policy focus on nonfood inflation can lead to suboptimal outcomes. In sum, ignoring food inflation in monetary policy formulation may lead to policy mistakes.
In India, like other emerging market economies, the share of food expenditure in total household expenditure is much higher relative to advanced economies (Table 1) . Correspondingly, the weight on food in CPI basket is also high. In CPI-Combined measure of inflation, the weight on food, beverages and tobacco is 49.7 percent.
Also, food inflation appears to play a pivotal role in informing inflation expectations. The RBI's inflation expectations survey of households suggests that general price expectations are more consistently aligned with food price expectations than with any other product scheme stands out. While the scheme has undoubtedly benefited inclusiveness and enhanced socio-economic position of India's rural population, it has likely also buttressed inflation pressures in recent years. MGNREGA has not only set a floor on many rural wages and strengthened the bargaining position of rural labor force, but has also tied up wage growth indexation to retail inflation thus reinforcing the nexus between prices and wages. Furthermore, India food inflation underpinned by wage and input cost inflation was further reinforced by wage increases buttressing demand. As econometric analysis in Mohanty (2014) suggests, both the costs of material inputs and wages have sharp positive impact on food inflation in India. However, wage growth affects food inflation gradually, and is more persistent than the impact of increase in costs of material inputs.
To sum up, the established conventional wisdom for the monetary policy is to look through the transitory supply shocks, in particular to food and fuel prices. Persistent supply shocks, however, require monetary policy action aimed at mitigating their second-round effects on generalized inflation and keeping in check inflation process by anchoring inflation expectations.
C. FOOD AND FUEL INFLATION PASS-THROUGH: QUANTIFYING THE IMPORTANCE
To formalize the relationship between food and fuel inflation and its pass-through to core inflation, we assess the dynamics of headline inflation with respect to core inflation in India. We follow Cecchetti and Moessner (2008) and Clark (2001) to answer the following questions:
Does headline inflation revert to core inflation?
If headline inflation reverts quickly to core inflation, then the impact of food and fuel price shocks is temporary, and second-round effects are probably limited. On the other hand, if headline inflation does not revert to core, either the shocks are persistent or the second-round effects are large due to higher inflation expectations and accelerating wages. Empirically, the issue is addressed here by examining the following regression estimated on monthly inflation data for 1996-2013:
Does core inflation revert to headline inflation?
If core inflation reverts to headline inflation, it would indicate that shocks to headline inflation, such as those caused by commodity-price spikes, feed into inflation expectations and price setting, driving core inflation to catch up with headline inflation. Empirically, the issue is addressed here by examining the following regression estimated on monthly inflation data for 1996-2013:
Where and denote headline and core year-over-year CPI inflation, respectively.
The empirical results suggest that second-round effects are indeed statistically significant (Table 2) . Specifically, if headline reverts to core, the coefficient is expected to be negative. The results, however, suggest that the null of 0 can't be rejected, which implies that headline inflation does not revert to core inflation. At the same time, individually both the hypothesis that 1 and that 1 and 0, i.e. that headline fully reverts to core within a year, are rejected. Therefore, it can be concluded that headline does not revert to core, suggesting that either food shocks are persistent or second-round effects are large. On the other hand, the estimate of is -0.68, which is highly statistically significant, suggests that core inflation reverts to headline inflation. At the same time, the null hypothesis Source: IMF staff estimates. Note: Robust standard errors in parenthesis. Note: ***,**, * indicates 1,5, 10 percent statistical significance. Table 2 . Regression analysis of non-core inflation pass-through of 0, which corresponds to a situation where core does not revert to headline, is rejected. Moreover, both the hypothesis that 1 and that 1 and 0 cannot be rejected. This suggests that core inflation catches up with headline inflation and reverts to headline quickly. Therefore, large second-round effects are present. 5
III. THE MODEL
As discussed above, incorporating the second-round effects of food price inflation is essential for monetary policy formulation in India. To provide a more complete account of the importance of the second round effects of food and fuel inflation in India, we bring in the elements of pass-through into a general equilibrium setting.
Analysis of inflation dynamics suggest that second-round effects are potentially large, and policymakers need to pay a close attention to food price shocks. Therefore, to understand inflation dynamics and monetary transmission in India, estimating the size of these secondround effects is important. We estimate these effects using a variant of small "New Keynesian" macroeconomic model with rational expectations developed by Laxton (2006a, 2006b) .We modify the model to capture the pass-through from headline to core inflation.
The model features a small open economy with forward-looking aggregate supply and demand with micro foundations, and stylized monetary transmission channels. Output developments in the rest of the world feed directly into the small economy, as they characterize foreign demand for Indian products. Changes in foreign inflation and/or interest rates affect the exchange rate and, subsequently, demand and inflation in the Indian economy. The model is set up in gap terms (i.e. deviations of variables from their respective steady state values). In order to estimate the second-round effects, we add an equation to capture the pass-through from headline to core inflation.
The baseline model has five behavioral equations: (1) an aggregate demand or IS curve that relates the level of real activity to expected and past real activity, the real interest rate, the real exchange rate, and the foreign output gap; (2) a price setting or Phillips curve equation that relates core CPI inflation to past and expected inflation, the output gap, and the exchange rate, as well as the pass-through from the headline to core inflation; (3) a food inflation equation that relates food inflation to past and expected inflation, the output gap, the exchange rate; (4) an uncovered interest parity condition for the exchange rate, with some allowance for backward looking expectations; and (5) a rule for setting the policy interest rate as a function of the output gap and expected inflation.
The output gap dynamics is described by the following equation: 
where ygap is the output gap, RRgap the real interest rate gap, zgap the gap of real exchange rate, RW ygap the output gap in the rest of the world, β a series of parameters attached to those variable, and ygap  an error term, which captures other temporary exogenous effects.
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The headline inflation equation is given as the aggregation of the core and food and fuel inflation:
 is non-core (food and fuel) inflation rate, and  is the weight on non-core inflation.
We then have two pricing equations: one for core inflation and one for food and fuel inflation. They have a very similar structure except for an additional term in the former to capture the pass-through from headline to core inflation, or the second-round effects. We use the U.S. output gap as the proxy for the output gap of the rest of the world. 7 Core CPI are compiled by staff by stripping out food and energy items from the CPI basket. 8 An increase in the real exchange rate (z) corresponds here to a real depreciation. 
where t RS is the nominal interest rate, RR* the equilibrium real interest rate, π* the inflation objective, γ parameters, and
RS t
 an error term.
The model is a two-country model where the home country is small and open, whereas, the foreign country-the home country's main trading partner-is relatively large and closed, and in effect exogenous to the home country. Thus, the foreign country enters the home country equations through (i) the impact of its activity on the home country demand and (ii) the impact of its real interest rate on the bilateral exchange rate. Conversely, the home country does not impact the foreign country, which implies that the output gap of the foreign country does not depend on the bilateral exchange rate or the home country activity; and foreign country inflation does not depend on the bilateral exchange rate. Hence, the uncovered interest rate parity condition is irrelevant for the foreign country model. So the model has three additional behavioral equations that describe the foreign sector: an output gap equation, an inflation equation and a policy reaction function similar to the ones specified above with the exception that no rest of the world (RW) variables appear, and there is no pass-through term in the inflation equation.
IV. ESTIMATION A. Parameter Values for India
The parameter values are chosen based on the modeling experience of other country models, but adapted to our knowledge about the characteristics of the Indian economy and policymaking. The model is estimated as an open economy, where the United States is treated as the relevant foreign sector for India. For the United States, we use the prior distributions used in Berg, Karam, and Laxton (2006b) .
B. Steady State Values
The long-term steady-state values for key parameters-the inflation objective, real exchange rate, and real interest rate-are chosen to match the historical average of these variables. Rest of the world equilibrium real interest rate is set at 1.5 percent, and the inflation rate at 2.4 percent. We set India's long-term headline CPI inflation rate at 6.5 percent and the equilibrium real interest rate at 1.5 percent. These two imply an equilibrium nominal shortterm interest rate of about 8 percent. Furthermore, as we use de-trended real exchange rate series, which removes average real appreciation of about 1 percent per annum, we make a technical assumption of zero equilibrium risk premium. All gaps that measure deviations of actual variables from their long-run equilibrium are by definition zero.
C. Bayesian Estimation
The model is estimated using Bayesian techniques based on prior distributions for the parameters from previous empirical studies. Advancement in both computing power and software has made Bayesian estimation of structural rational expectations models' more feasible.
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Bayesian estimation provides a middle ground between classical estimation and the calibration of macro models. The use of classical estimation in a situation of a relatively small sample size (which is almost always the case for macro time series data) often gives macro model results that are inconsistent and faced with simultaneity challenges. Models with calibrated parameters avoid this problem, but are often criticized as representing no more than the modelers' judgment, which may or may not be consistent with the data. We estimate the model using the Bayesian estimation module in DYNARE (Juillard, 2001) .
Bayesian inference has a number of benefits. First, it formalizes the use of prior empirical or theoretical knowledge about the parameters of interest. Use of prior distributions makes the highly nonlinear optimization algorithm considerably more stable, making it feasible to apply the technique when sample periods are short. This is a particularly important aspect for India where quarterly National Accounts data only start in 1996Q1. In addition, the estimation procedure also allows for measurement errors in the data. For India this is also extremely important given data quality and measurement issues, of the national accounts and CPI inflation in particular. Some of the excess volatility in the data is thus allocated to measurement error which does not enter into the stochastic simulations. Second, Bayesian inference provides a natural framework for parameterizing and evaluating simple macroeconomic models that are likely to be fundamentally mis-specified. Thus, as pointed out by Fernandez-Villaverde and Rubio-Ramirez (2004) and Schorfheide (2000) , the inference problem is not to determine whether the model is `true' or the `true' value of a particular parameter, but rather to determine which set of parameter values maximize the ability of the model to summarize the regular features of the data. Finally, Bayesian inference provides a simple method for comparing and choosing between different mis-specified models that may not be nested on the basis of the marginal likelihood or the posterior probability of the model. In particular, Geweke (1998) shows that the marginal likelihood is directly related to the predictive performance of the model which provides a natural benchmark for assessing the usefulness of economic models for policy analysis and forecasting.
Bayesian estimation requires construction of the posterior density of the parameters of interest given the data. If we denote the set of parameters to be estimated as  using observations on a set of variables X, the posterior density can be written as   X p |
D. Data
To estimate the model, we use key macroeconomic variables for India from 1996Q1 to 2013 Q4. Three-month Treasury bill rate is used as a proxy for nominal interest rate, and real exchange rate (CPI-based) is used as a proxy for real exchange rate. For India's inflation, we use a backcasted CPI-Combined based on CPI-IW. We use GDP, inflation, and interest rate data of the United States for the rest of the world in the model. Variables are seasonally adjusted using X12 filter.
E. Prior Distribution of Estimated Parameters
Our choice of prior distributions for the estimated parameters is guided both by theoretical considerations and empirical evidence. Given the lack of significant empirical evidence, however, we choose relatively diffuse priors that cover a wide range of parameter values. For the structural parameters, we choose either gamma distributions or beta distributions in the case when a parameter-such as the autoregressive shock processes-is restricted by theoretical considerations to lie between zero and one. Finally, as in much of the literature the inverted gamma distribution is used for the standard errors of the shock processes. This distribution guarantees a positive variance but with a large domain.
V. RESULTS AND DISCUSSION
A. Estimation Results
Estimated aggregate demand equation:
Coefficient estimates for the output gap equation are reported in a The β parameters in the output gap equation depend to a large extent on the degree of inertia in the economy, the effectiveness of monetary policy transmission, and the openness of the economy. Drawing on the experience of several applied country modeling efforts, Berg, Karam, and Laxton (2006b) suggest that the value of lag  should lie between 0.5 and 0.9, with a lower value for countries more susceptible to volatility.
The estimated coefficient of 0.6 for lag  is comparable to other emerging markets. The lead of the output gap ld  is typically small, and the estimated value for India is 0.2. The coefficient estimate on the lead of the output gap indicates that expectations regarding the future level of the output gap are important. This corroborates the importance of confidence effects in promoting economic activity in India (Anand and Tulin, 2014) . The parameter implies that a 1 percentage point increase in the foreign output gap leads to a contemporaneous 0.1 percentage point increase in the Indian output gap.
Prior mean Posterior mean 

parameter represents the short-term pass-through of (real) exchange rate movements into prices, and depends on trade openness, price competition, and monetary policy credibility. The exchange rate passthrough coefficient is estimated to be 0.15 in India. This is line with the findings of Patra and Kapur (2010) and other cross country findings that estimate exchange rate pass-through to be around 0.16 for countries with low (less than 10 percent) inflation (Choudhuri and Hakura, 2001 ).
Finally, the parameter   , c represents the pass-through coefficient from headline to core inflation -that is the extent to which price setters keep their prices rising in pace with past movements in the headline CPI. If   , c is zero, the gap between the past headline and core inflation, namely, inflation of food and energy prices, will have no effect on core inflation. In other words, there will be no second-round effects in the economy. Our estimation of the second-round effect coefficient indicates that if headline inflation exceeds core inflation by 1 percentage point, it will lead to a 0.3 percentage points increase in core inflation in the next quarter. As expected, the pass-through from headline to core inflation is relatively large. This estimate is consistent with our analysis of year-over-year inflation dynamics in India (Section II). However, some caution is warranted in interpreting a rather large pass-through coefficient. An alternative interpretation of a strong pass-through coefficient estimate may reflect a faster response of food inflation to aggregate demand, because commodity prices,
The z  parameter in the real exchange rate equation determines the relative importance of forward-and backward-looking real exchange rate expectations. If δ is equal to 1, the equation behaves as in the Dornbusch overshooting model, i.e., the real exchange rate is a function of the future sum of all real interest rate differentials. The estimated coefficient of 0.5 makes monetary policy potentially a more effective tool, though the incomplete exchange rate pass-through in India somewhat reduces its efficacy.
Parameter
Prior The γ parameters in the monetary policy rule equation depend on the speed and aggressiveness with which the monetary authorities adjust the nominal interest rate, and the relative importance of the inflation target versus the real activity target. There is a high degree of interest rate smoothing in India (the coefficient is 0.8), which is in line with the estimates of this parameter by Mohanty and Klau (2004) and Anand and others (2010) . The value of   is 1.9. The estimate of ygap  is 0.6, suggesting that the RBI puts weight on stabilizing real activity, which is expected considering that the RBI has multiple objectives.
B. Shock Scenarios and Policy Implications
The monetary transmission mechanism
The response of inflation, output gap and exchange rate to a monetary policy shock in the model is similar to that found in other empirical studies on the monetary transmission mechanism. A temporary increase in the nominal interest rate reduces domestic demand and appreciates the rupee. Output contracts both as a result of decreased domestic demand and as a result of decreased competitiveness following the real appreciation. The contraction in demand in turn leads to a fall in inflation. The results suggests that at a 100 basis points temporary increase in the interest rate leads to a peak widening of output gap by almost 1 percent in about 4 quarters, slowing in the core CPI inflation by about ¾ of a percentage point and almost 1 percentage point decline in the headline CPI inflation, and nearly 2 percent peak real appreciation.
Demand, and food and fuel prices shocks
Exogenous demand shocks could, among other things, be interpreted as changes in the fiscal policy stance that is not explicitly modeled here. A positive demand shock should raise output and consequently the output gap and will gradually put upward pressure on prices. To contain inflation, a tighter monetary policy stance would be required, which in turn will lower demand and lead to real appreciation. Depending on the persistence of the shock, inflations would peak after 4-6 quarters. Exogenous price shocks could be interpreted as international oil or food price shocks as well as domestic supply shocks such as shocks related to rainfall.
In response to a 1.5 percentage points jump in food and fuel price inflation (about 6 percent annualized inflation rate), output gap widens at peak by about 0.5 percentage points, and headline and core inflation rises by about 0.5 percent. In response, the interest rate increases by about 80 basis points on impact. Inflation shocks lead to widening of output gap, rise in inflation and interest rate, and real appreciation. Furthermore, the headline inflation shock passes through to core inflation, raising it by about 0.2 percentage points.
We can use the estimated model to study the behavior of interest rates in India to examine the monetary policy stance in India in the last few years. Figure 6 presents (IMF, 2011b; and IMF 2012 and IMF , 2013 and IMF , 2014a and IMF , 2014b .
VI. CONCLUSIONS
India has seen a prolonged period of high inflation, to a large extent driven by persistently high food inflation. It has made the task of the Reserve Bank of India (RBI) more challenging, with many arguing that the RBI has very limited role in combating food inflation, particularly when growth has slowed considerably and external demand remain subdued. While economists agree that a central bank should look through transitory supply shocks, they also agree that monetary policy should react to second-round effects.
There is growing evidence that second-round effects could be large in emerging market economies due to several reasons: high share of food in households' expenditure; less firmly anchored expectations; and highly persistent supply shocks. India has these characteristics, which suggest that second-round effects are important and play a role in inflation dynamics. Indeed, recognizing the seminal nature of food inflation and its second-round effects for inflation dynamics in India, the recently released Urjit Patel Committee Report (RBI 2014, page 20) As well, our results suggest that monetary policy needs to respond decisively to tackle India's high and persistent inflation. Furthermore, as also emphasized in the Patel Committee Report, headline CPI inflation should be the nominal anchor for monetary policy, with its persistent and entrenched nature it should be the guiding factor for monetary policy stance.
